 Aging is associated with deficits in hippocampal synaptic plasticity 
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Introduction
As the percentage of the elderly population continues to rise, aging and the associated health problems pose a huge burden on the socioeconomics of the society and on the quality of living of the individuals and also the caretakers. Deficit in the cognitive functions including memory is one of the most common observations in aging (Burke and Barnes, 2006; Rosenzweig and Barnes, 2003) and have been referred to as "age-associated memory impairments (AAMI)" (Crook T, 1986) or "age-associated cognitive decline (AACD)" (Richards et al., 1999) . However, there is a great variability in the extent of the memory impairments observed, in the brain regions affected and in the age of onset. There is also a significant overlap and diversity in the deficits observed in some of the neurodegenerative disorders and the so called 'normal aging' or 'successful aging'. Efforts have been underway to understand the changes with aging in the structure and function of the brain regions and also the molecular underpinnings. These efforts have uncovered some of the prominent brain regions affected and some potential neurobiological mechanisms.
However, what we know so far still appears to be just the tip of an iceberg.
Alterations in hippocampal synaptic plasticity in aging
A common notion is that aging is associated with significant loss of neurons in the hippocampus. However, studies in rodents, monkeys and humans suggest that there is no substantial neuronal loss with normal aging in humans (West, 1993) , monkeys (Peters et al., 1996) , rats (Rapp and Gallagher, 1996; Rasmussen et al., 1996) , or mice (Calhoun et al., 1998) . Nevertheless, hippocampus exhibits extensive changes in the connectivity, structural organization and functional properties, with differential sub-region specificity. One of the most prominent observations is the alterations in the synaptic plasticity properties in the different synaptic circuits within the hippocampus (Reviewed by (Burke and Barnes, 2006; Rosenzweig and Barnes, 2003) .
Long-term potentiation (LTP), the activity-dependent increase in the strength of the synapses, is widely regarded as the leading cellular correlate of memory. Persistent forms of both LTP and memory require protein synthesis and transcription for the consolidation and long-term maintenance (Reviewed by (Alberini, 2009 ). The initial induction or the short-term forms of LTP and memory, on the other hand, are not dependent on translation or transcriptional activation ((Costa-Mattioli et al., 2009; Frey et al., 1993; Kelleher et al., 2004) . At the CA1 Schaffer collateral synapses, there is an age-related reduction in the magnitude of LTP, possibly due to lower depolarization during induction or reduced activation of NMDARs (Deupree et al., 1991; Moore et al., 1993) . Drugs that affect the cAMP-dependent intracellular signaling, such as analogs of cAMP, the dopamine D1/D5 receptor agonists and the phosphodiesterase IV inhibitors modulate the late phase of LTP (L-LTP) and attenuate the spatial memory deficits in aged mice in a dose-dependent manner (Bach et al., 1999; Barad et al., 1998; Frey et al., 1993; Huang and Kandel, 1995) . It has been suggested that the basal synaptic properties, LTP induction and E-LTP are mostly preserved in the aged hippocampal circuits but the protein-synthesisdependent L-LTP mechanisms are impaired (Bach et al., 1999) . The spatial memory deficit in the aged rodents is associated with a defect in CA1 L-LTP (Bach et al., 1999) . Aged rodents seem to exhibit greater deficits in certain types of long-term memory than in short-term memory (Winocur, 1988) .
Synaptic tagging and capture model of synaptic plasticity
The 'Synaptic tagging' hypothesis proposed by Morris, 1997, 1998a, b) and now widely referred to as the Synaptic Tagging and Capture (STC) hypothesis (Barco et al., 2002; Barco et al., 2008; Morris, 2006; Redondo and Morris, 2011) , provides a conceptual framework for how short-term forms of plasticity (or memory) are transformed to persistent forms in a synapse-specific and timedependent manner. This model proposes that glutamatergic activation during LTP/LTD-induction or memory encoding results in instantaneous local 'tagging' of activated synapses. These 'synaptic tags' later 'capture' the diffusely transported plasticity-related products (PRPs; mRNA or proteins) synthesized in soma or local dendritic domains. They demonstrated, with their experiments in rat hippocampal slices, that the tag-setting process in itself is protein synthesis-independent and thus the tag is set by both weak and strong forms of activity and that the tags have a decay-time (Frey and Morris, 1997) . They further showed that even though only strong forms of activity lead to the synthesis of PRPs, the weakly potentiated synapses will also be able to capture the PRPs, if the PRPs arrive prior to the decay of the tags. Thus, E-LTP induced in one synaptic input can be transformed into L-LTP by a preceding or subsequent strong tetanization of another independent but overlapping synaptic input within a specific time-window (Frey and Morris, 1998b) ( Figure 1) . The level of neuronal activity plays a critical role in regulating the maintenance of plasticity (Fonseca et al., 2006a) and has a critical role in regulating the duration or the induction of the synaptic tag (Szabo et al., 2016) .The STC mechanisms have been shown to be operating in a compartment-specific/clustered manner within the proximal, distal and basal dendritic compartments of the neurons (Alarcon et al., 2006; Govindarajan et al., 2011; Govindarajan et al., 2006; Sajikumar et al., 2007) that function as units for temporal and spatial integration of information.
(Figure 1)
Although the original STC theory was proposed to show the interaction and consolidation of E-LTP and L-LTP, Sajikumar and Frey provided evidence for similar interactions between LTP and LTD that has been termed 'cross-tagging' (Sajikumar and Frey, 2004) . It has been suggested that both tag and PRPs could be processspecific (Sajikumar and Frey, 2004) . Further, the capturing of plasticity-related factors occurs within a specific time window, from a common pool of PRPs that involves LTP or LTD specific or PRPs common for both plasticity (Sajikumar and Frey, 2004) . The increased or decreased availability of PRPs can lead to competitive maintenance of long-term plasticity and STC (Fonseca et al., 2004; Kano and Hashimoto, 2009; Sajikumar et al., 2014; Shivarama Shetty et al., 2016) .
Interestingly, dopamine D1/D5 receptor mediated mechanisms can influence these processes by increasing the availability of PRPs that eventually prevents synaptic competition and promotes STC (Shivarama Shetty et al., 2016) .
STC-like mechanisms in behavioral settings
Behaviorally, STC-like phenomena might help in adding richness to contextual details since moderately significant events occurring around a highly significant event can all acquire the same mnemonic potential. It reveals a complex pattern of temporal associativity in synaptic plasticity. As such, the fate of memory traces can be dynamically regulated by heterosynaptic events that occur before or after encoding. STC-like phenomenon has been demonstrated in anaesthetized and behaving animals (Almaguer-Melian et al., 2012; Ballarini et al., 2009; Moncada and Viola, 2007; Redondo and Morris, 2011; Shires et al., 2012; Viola et al., 2014) .
Identical phenomenon in behavioral settings, called 'behavioral tagging', showed the reinforcement of a weak inhibitory avoidance memory into a persistent form by the open field exploration paradigm (Moncada et al., 2011; Moncada and Viola, 2007) and also in a spatial memory task . Recently, a similar mechanism is also reported in humans to be involved in the retroactive strengthening of emotional memories (Dunsmoor et al., 2015) .
Alterations in hippocampal STC mechanisms in aging: Contributing factors
Aging is accompanied by the performance impairments in learning and memory tasks that require associative information processing (Rosenzweig and Barnes, 2003; Wimmer et al., 2012) which has been proposed to be due to the functional alterations in the hippocampal circuits (Bastin et al., 2013; Lister and Barnes, 2009; Ryan et al., 2015) . Since STC model provides a framework for how cellular correlates of memory can exhibit associativity of weak and strong learning events in a time-dependent manner, it is imperative to think that age-related alterations in the STC mechanisms could underlie some of the associative memory deficits observed in aging.
Some of our investigations along these lines using the acute hippocampal slices of the aged (18-19 month old) male Wistar rats have provided evidence that plasticity and STC mechanisms are indeed impaired in the hippocampal CA1 Schaffer collateral synapses [ Figure 2 ; (Sharma et al., 2015; Shetty et al., 2016) ]. These synapses fail to exhibit STC, as demonstrated by the inability of the strong-stimulusinduced L-LTP to consolidate the weak-stimulus-induced E-LTP delivered to two independent but overlapping inputs onto a common neuronal population within a critical time period. Interestingly, however, the strong-stimulation-induced LTP, in itself, was able to maintain for extended durations albeit at lesser magnitude of potentiation compared to that in slices of young adult rats. This was supportive of the findings in earlier reports that persistent forms of plasticity could be established in the synapses of aged hippocampus using sufficiently stronger stimulation paradigms (Barnes et al., 1996; Kumar et al., 2007) .
(Figure 2)
Lack of STC could be due to a number of reasons: (1) Impairments in the process of tag-setting (2) Instability of the set tag or its early decay (3) Impaired synapse-tosoma signaling leading to inefficient transcriptional or translational activation (4) Impaired transcriptional or translational mechanisms in the synthesis of PRPs (5) Impaired transport, distribution or capture of PRPs. Below we review some of the factors that could contribute to the STC deficits observed in aging.
Alterations in the NMDA receptor function
In the CA1 region of aged hippocampus, one of the consistent electrophysiological findings is a decrease in the NMDAR component of the synaptic transmission (Barnes et al., 1997; Billard and Rouaud, 2007; Bodhinathan et al., 2010; Gonzales et al., 1991; Tombaugh et al., 2002) . NMDARs have been demonstrated to act as synaptic coincidence detectors and play crucial roles in many forms of synaptic plasticity and memory (Collingridge, 1987; Luscher and Malenka, 2012; Malenka and Nicoll, 1993; Morris, 2013; Tsien et al., 1996) . NMDAR activation and signaling is also shown to be critical for establishment of STC, at least in CA1 region Morris, 1997, 1998a; Morris, 2006; Redondo and Morris, 2011; Sharma et al., 2015; Shetty et al., 2016) . Particularly, activation of NMDAR is involved in the induction of synaptic plasticity and setting of synaptic tag. A synergistic interaction between dopaminergic and NMDAR signaling is suggested to be involved in the D1/D5
receptor-mediated upregulation of plasticity products Shetty et al., 2016; Shivarama Shetty et al., 2016) .
Expression of GluN1 subunit has been reported to be decreased in the DG of aged primates and rodents (Gazzaley et al., 1996; Magnusson, 2000; Magnusson et al., 2002) . GluN2B expression also decreases with aging in the hippocampus and cortex of rodents (Magnusson, 2000; Magnusson et al., 2002; Sheng et al., 1994) . Studies with GluN2B transgenic mice have suggested that the changes in its expression contribute to age-related memory deficits (Brim et al., 2013; Cao et al., 2007; Clayton et al., 2002; Wang et al., 2014) . The subunit composition of the NMDARs changes significantly with aging leading to an increased GluN2A:GluN2B ratio. The GluN2A-containing NMDARs have a reduced channel opening time (Zhao et al., 2009) and are highly sensitive to modulation by Zn 2+ ions (Izumi et al., 2006; Paoletti et al., 1997; Zhu et al., 2012) . A recent study provided evidence that the shift in NMDAR subunit may have a profound effect on neuronal excitability . The subunit composition of NMDA receptors is developmentally regulated and the expression of GluN2B declines at the age of sexual maturity. Although it is clear that the ratio GluN2A:GluN2B continues to increase in ageing, the shift occurs much earlier in life and may not have a detrimental role in memory. One interesting aspect is that GluN2B has a fundamental role in memory reactivation which leads to memory update and eventually may result in memory loss (Milton et al., 2013) . The developmental shift from GluN2B expression to GluN2A may limit the acquisition of new memories but it may also limit the dynamics of previously acquired memories.
The decrease in NMDAR function has also been suggested to the intracellular redox imbalance (Bodhinathan et al., 2010; Kumar and Foster, 2013; Robillard et al., 2011; Yang et al., 2010) , increased Ca 2+ release from the intracellular stores (Kumar and Foster, 2004) and increased Zn 2+ levels .
Overall, it appears that the alterations in NMDAR-mediated mechanisms could be one of the major contributors to age-related memory deficits.
Decreased efficiency of activity-dependent protein synthesis
Impairments in LTP and memory in aged rats is accompanied by a decrease in protein synthesis (Mullany and Lynch, 1997) . With age, general protein synthesis decreases in certain regions of the brain (Bishop et al., 2010; Goldspink, 1988) although the overall level of protein synthesis in CA1 region remains fairly constant (Smith et al., 1995) . A decrease in protein synthesis with aging has been demonstrated in the dentate gyrus (Kelly et al., 2000) . However, the expression levels of certain genes and proteins involved in plasticity, either increase or decrease (Schimanski and Barnes, 2010) . Godefroy et al., 1989; Luine and Hearns, 1990) . MAPKmediated signaling shows age-dependent alterations (Zhen et al., 1999) which has been shown for nerve growth factor (NGF) signaling in the septo-hippocampal pathway (Williams et al., 2007; Williams et al., 2006) . Some authors have also suggested that the time for transition from short-term to long-term memory is extended in aging, probably due to slowdown in the protein synthesis or transcriptional mechanisms (Essman, 1982; Mizumori et al., 1985) . Another protein, that is a mechanistic target of rapamycin complex 2 (mTORC2), controls the actin polymerization required for consolidation of long-term memory (Huang et al., 2013) and the activity of mTORC2 declines with age as demonstrated in fruit flies and rodents (Reviewed by (Johnson et al., 2015) . Neuropsin (KLK-8), an extracellular serine protease (Chen et al., 1995) , is implicated in the process of LTP tag-setting and suggested to be taking part in synaptic associativity (Ishikawa et al., 2008; Ishikawa et al., 2011) . Expression of neuropsin decreases in the hippocampus of aged mice which correlates with alterations in dendritic morphology (Konar and Thakur, 2015) .
Immediate early genes (IEGs) and cAMP response element binding protein (CREB)
IEGs represent the first line of genomic response to patterned synaptic activity without any intervening synthesis of other transcription factors (Guzowski, 2002) .
They are a group of genes with diverse functions, including synaptic plasticity (Lanahan and Worley, 1998) . Expression of several of the IEGs is known to be either reduced in the basal state or following activity or learning. Zif268 is an IEG involved in synaptic plasticity (Guzowski et al., 2001; Richardson et al., 1992; Worley et al., 1993) and memory (Jones et al., 2001) . Resting levels of both mRNA and protein of the transcription factor Zif268 are decreased in CA1 and CA2 regions of aged animals that display hippocampus-dependent memory deficits (Blalock et al., 2003; Yau et al., 1996) . Aged rats also showed lesser c-Fos-positive neurons compared to the younger ones following a radial arm maze learning task (Touzani et al., 2003) .
Expression of another important plasticity-related gene encoding activity-regulated cytoskeletal-associated protein (Arc/Arg3.1) is also significantly reduced in aged animals showing impaired spatial memory consolidation (Menard and Quirion, 2012) , as does the resting expression in CA1 region (Blalock et al., 2003) . Interestingly, the reduced Arc mRNA levels in CA1 were due to the reduction in transcription and not due to the reduction in the number of cells expressing Arc (Penner et al., 2011) . Arc mRNA is rapidly transported to dendrites and localized to the active dendritic regions, indicating its important role in LTP, LTD and LTM consolidation (Bramham et al., 2010; Steward and Worley, 2001 ). Brain-derived neurotrophic factor (Bdnf) is another IEG strongly implicated in LTP and memory (reviewed by (Pang and Lu, 2004) , and studies indicate age-associated down regulation of Bdnf and its receptor
TrkB (Hattiangady et al., 2005; Tapia-Arancibia et al., 2008) .
Cyclic-AMP response element binding protein (CREB) is a transcription factor whose activity is demonstrated to be critical for hippocampal memory consolidation (Reviewed by (Kida and Serita, 2014; Silva et al., 1998) . CREB is activated by phosphorylation on Ser-133 residue in response to a variety of stimuli (Lonze and Ginty, 2002) leading to CREB-dependent plasticity gene expression (Reviewed by (Kandel, 2012; Kida and Serita, 2014) . Evidence suggests age-related changes in the activation of CREB and its downstream mechanisms. Expression of hippocampal phospho-CREB was higher in aged rats compared to the adults following fear conditioning (Monti et al., 2005) . Resting expression of CREB-binding protein (CBP), a co-activator of CREB, is also reduced in the hippocampus of aged rats (Chung et al., 2002) . One study also found a reduction in the number of pCREBimmunoreactive cells following spatial learning in dorsal CA1 of aged mice showing memory impairments (Porte et al., 2008) .
Alterations in the Ca 2+ dynamics and the kinase-phosphatase balance
Several alterations in the Ca 2+ dynamics and homeostatic mechanisms have been reported in the aged brain (Disterhoft et al., 1994; Foster and Norris, 1997) . One prominent observation is the increase in the Ca 2+ influx through L-type voltage-gated calcium channels (L-VDCC) (Thibault and Landfield, 1996) . This is proposed to contribute to the increased slow afterhyperpolarization (sAHP) in aged hippocampal neurons . Increased L-VDCC activity also leads to reduced neuronal excitability (Power et al., 2002) and trigger Ca 2+ -induced Ca 2+ release via ryanodine receptors (RyRs) (Chavis et al., 1996) . Increased RyR activity in aging drives the increase in sAHP (Bodhinathan et al., 2010; Kumar and Foster, 2004) .
Age-related increase in the sAHP correlates with Morris Water Maze (MWM) deficits (Tombaugh et al., 2005) and nimodipine, a L-VDCC blocker, facilitates learning in aged rodents at a concentration that reduces sAHP (Deyo et al., 1989; Foster, 1999) . Release of Ca 2+ from intracellular stores or influx through VDCCs activates Ca 2+ -dependent SK potassium channels leading to hyperpolarization of dendrites (Faber, 2010) . Age-related loss of several calcium-binding proteins is also reported (de Jong et al., 1996) .
Additionally, expression and activity of the Ca 2+ -dependent protein phosphatase calcineurin (CaN) increases in the hippocampus during aging and is also associated with increased activation of CaN-regulated protein phosphatase 1 (PP-1) (Foster et al., 2001 ). This could be one of the reasons for the observed deficits in LTP in aged hippocampus, since increase in the phosphatase activity has been shown to shift the threshold of LTP towards LTD (Foster, 1999; Malenka and Bear, 2004) . In support of this, raising the bath Ca 2+ level or overexpression of active CaN in young animals induces aging-like deficits in LTP (Winder et al., 1998) .
Further, aging is also associated with a trend towards decline in protein kinase activity (Bach et al., 1999; Battaini et al., 1997; Colombo et al., 1997; Fordyce and Wehner, 1993; Meier-Ruge et al., 1980; Norris et al., 1998; Pascale et al., 1998) .
Age-associated impairments in the mitogen-activated protein kinase (MAPK) pathways are seen in aged brain (Zhen et al., 1999) and MAPKs are one of the central signal integrators subserving synaptic plasticity and memory (Reviewed by (Davis and Laroche, 2006; Sweatt, 2001 Sweatt, , 2004 . CaMKIV, a primarily nuclear calcium/calmodulin-dependent protein kinase (CaMK), is rapidly activated by nuclear calcium entry following LTP-inducing stimulation and is implicated in the transcription of plasticity genes (Kang et al., 2001; Kasahara et al., 2001; Limback-Stokin et al., 2004; Redondo et al., 2010) . Reduced expression of CaMKIV is observed in the hippocampus of aged mice that correlates with memory deficits (Fukushima et al., 2008) . Expression of CaMKII, a protein with diverse roles in LTP and LTM (Reviewed by (Giese and Mizuno, 2013; Lisman et al., 2012) , decreases in hippocampus and cortex with normal aging (Zhang et al., 2009) . Protein kinase C (PKC) family of enzymes consists of several isozymes with different roles in synaptic plasticity and memory (Ramakers et al., 1997; Sacktor, 2008) . In the aging rodent brain, even though no changes in the levels of PKC isoforms were observed, the dynamics of their activation and translocation was found to be impaired along with the alterations in the content of the adaptor protein RACK1 (receptor for activated C kinase-1) (Battaini and Pascale, 2005) . Such changes in the membrane localization and/or shifts in the dendritic-to-somal ratios of PKC in the hippocampus were associated with age-related deficits in spatial memory (Battaini et al., 1995; Battaini and Pascale, 2005; Colombo et al., 1997; Fordyce and Wehner, 1993; Pascale et al., 1998) .
One of the important kinases in the context of LTP and LTM is PKMζ, an autonomously active atypical protein kinase C isoform (Ling et al., 2002; Sacktor et al., 1993) . It is an important plasticity-related protein demonstrated to be a crucial player in the maintenance of LTP and memory (Ling et al., 2002; Sacktor, 2011 Sacktor, , 2012 Shema et al., 2007; Tsokas et al., 2016) and to take part in synaptic tagging and capture (Sajikumar and Korte, 2011; Sajikumar et al., 2005) . A causal relationship between transcriptional and epigenetic regulation of PKMζ expression and the age-associated cognitive impairment has been suggested wherein, aged rats exhibit increased baseline level of methylated PKMζ DNA and decreased unmethylated PKMζ DNA in the prelimbic cortex compared with young and adult rats (Chen et al., 2016) . In the dentate gyrus of aged primates, PKMζ-dependent GluA2 maintenance was shown to be impaired that correlated with memory deficits (Hara et al., 2012) . Interestingly, polymorphisms in another important memory-related protein KIBRA (Kidney/BRAin protein), which stabilizes PKMζ (Makuch et al., 2011; VogtEisele et al., 2014) , was reported to modulate age-related decline in episodic and spatial memory (Schuck et al., 2013; Witte et al., 2016) .
Stress, neuroinflammation and oxidative stress
The nervous system is highly sensitive to oxidative stress (Halliwell, 1992) .
Compromised antioxidant defense mechanisms with aging leads to increased levels of reactive oxygen species (ROS) which have been proposed to contribute to the age-related deficits in LTP (Martin et al., 2002; McGahon et al., 1999a; McGahon et al., 1999b; Moore et al., 2005; Murray and Lynch, 1998) Aged animals show deficits in LTP, which are accompanied by increases in proinflammatory cytokines (Chapman et al., 2010; Lynch, 1998) , Hippocampal interlukin-1beta (IL-1) levels rise in aging as a result of increased neuroinflammation and stress (Barrientos et al., 2009; Barrientos et al., 2015a) .
Increased IL-1 robustly downregulates the levels of BDNF mRNA and protein (Barrientos et al., 2009 ). The maturation of BDNF is particularly affected (Cortese et al., 2011) . Further, CD200, a protein that is preferentially expressed on neurons and which acts to inhibit microglia activation (Webb and Barclay, 1984) , is reported to be downregulated both at gene and protein levels in the aging hippocampus (Frank et al., 2006; Lyons et al., 2007) . Elevated glucocorticoid levels are another observation in aging. Hippocampal corticosterone levels are locally increased by the action of the enzyme 11beta-hydroxysteroid dehydrogenase type 1 (11beta-HSD1) (Seckl, 1997; Wyrwoll et al., 2011) . Expression of 11beta-HSD1 gene and its protein levels are significantly elevated in the normal aged hippocampus (Barrientos et al., 2015b; Holmes et al., 2010) and aged 11b-HSD1 -/-knockout mice do not show deficits in hippocampal learning and memory (Yau et al., 2015; Yau et al., 2011) . Stress and high levels of glucocorticoids affect LTP, memory consolidation and retrieval ((de Quervain et al., 1998; Joels, 2006; Wiegert et al., 2005) .
Proteasomal degradation
Growing evidences implicate proteasome-mediated protein degradation in both early and late phases of LTP and memory (Reviewed by (Hegde, 2016) , suggesting that a balance in the protein synthesis and degradation is involved in the consolidation and persistence of long-term memories (Fonseca et al., 2006b ).
Ubiquitin-proteasome system (UPS) was originally proposed to function in removing inhibitory constraints on the synapse strengthening following an activity, for instance, by degrading the regulatory (R) subunits of PKA are degraded by UPS upon LTP induction (Hegde et al., 1993) or CREB repressors (Dong et al., 2008; Hegde et al., 1993; Upadhya et al., 2004; Zhao et al., 2003) . Induction of long-term facilitation (LTF) in Aplysia was shown to result in ubiquitination and degradation of a CREB repressor CREB1b (Upadhya et al., 2004) . Similarly, ATF4, the mammalian orthologue of CREB1b was shown to be degraded following induction of long-term synaptic plasticity in the rodent hippocampus (Dong et al., 2008) .
The UPS also affects the turnover of many postsynaptic proteins and thus contributes to activity-dependent remodeling of the synapse structure and postsynaptic density (PSD) composition (Patrick, 2006) . It modulates the levels of translational activators such as eIF4E and eEF1A, and translational repressors such as paip2 and 4E-BP (Dong et al., 2008) . UPS regulates the abundance of glutamate receptors by the APC and SCFFbx2, PSD remodeling by targeted degradation of PSD scaffolds AKAP79/150 (AKAP), GKAP, Shank and PSD-95 (Colledge et al., 2003; Ehlers, 2003) . UPS degrades SPAR, a postsynaptic actin regulatory protein, to bring about changes in spine structure (Pak and Sheng, 2003) . Protein degradation by UPS has been suggested to take part in synaptic tagging and heterosynaptic stabilization of L-LTP (Cai et al., 2010 Studies indicate that alterations in proteasome activity may occur during, and possibly contribute to, the aging process. Generally, an age-dependent decrease in the activity of UPS is suggested (Keller et al., 2002; Keller et al., 2000; Vernace et al., 2007a; Vernace et al., 2007b ). An age-dependent attenuation of 26S proteasome assembly, activity and abundance was reported in Drosophila (Tonoki et al., 2009; Vernace et al., 2007a) . However, the role of UPS activity in aging and neurodegenerative disorders remains contradicting; as Ciechanover and Brundin have rightly pointed 'sometimes the chicken and sometimes the egg' (Ciechanover and Brundin, 2003).
Deficits in dopaminergic modulation in aging
A number of studies have shown that the activation of neuromodulatory inputs, especially dopaminergic or noradrenergic inputs, is crucially involved in the induction of the late phase of potentiation and in the consolidation of persistent forms of memory (Reviewed by (Hansen and Manahan-Vaughan, 2014; Jay, 2003; Lisman et al., 2011) . Similar role of dopaminergic or noradrenergic systems is suggested from behavioral tagging experiments (Moncada et al., 2011) . A recent report has also shown that blockade of dopamine D1/D5 receptors during novel object recognition blocks the behavioral tagging mediated by it (Nomoto et al., 2016) . Dopaminedependent protein synthesis is proposed to be necessary for stabilizing and maintaining the short-lasting strengthening of synaptic connections resulting from encoding (Lisman et al., 2011 ). An interesting finding in our studies with the hippocampal slices of aged rats is that the persistent form of slow-onset potentiation induced by bath application of dopamine D1/D5 receptor agonists in the adult rats (Huang and Kandel, 1995; Navakkode et al., 2007; Navakkode et al., 2012; Shivarama Shetty et al., 2016) is blocked in aged rats [ Figure 2B ; ]. Intriguingly, Chowdhury and colleagues found that the lack of dopaminergic modulation with aging leads to associative memory impairments in humans (Chowdhury et al., 2012) . Dopaminergic mesolimbic system is indicated to be vulnerable to age-related impairments (Barili et al., 1998; Miguez et al., 1999) and aged rats display reduced concentrations of dopamine and noradrenalin in the hippocampus (Miguez et al., 1999) . Further, age-related deficits in dopaminergic modulation of memory have been demonstrated in rodents using Morris water maze task (Hersi et al., 1995) , Barnes maze task and the late-phase of the LTP induced by high-frequency stimulation (Bach et al., 1999) .
Dopamine functioning through D1/D5 receptors controls the maintenance of longterm memory storage by a late post-acquisition mechanism involving BDNF (Rossato et al., 2009 ). It could be speculated that the deficit in dopaminergic D1/D5
receptor-mediated signaling in aging could affect transcription and translation of BDNF causing the memory deficits. Decrease in the effective cholinergic drive could be another contributor to these deficits (Bartus et al., 1982; Casu et al., 2002; Gilad et al., 1987; Niewiadomska et al., 2009; Ypsilanti et al., 2008) .
Immunohistochemical analysis in aged macaque monkeys shows a decline in the BDNF-immunoreactivity in the hippocampal neurons (Hayashi et al., 2001 ) and the spatial memory performance in the senescent rats correlates with the hippocampal BDNF mRNA levels (Schaaf et al., 2001 ). In addition, BDNF can regulate intrinsic excitability of cortical neoruns (Desai et al., 1999) and differentially modulate excitability of hippocampal output neurons (Graves et al., 2016) . Given that excitability of neurons decreases with ageing, it can be assumed that the impairment in STC observed in aged animals may also depend on the altered BDNF level.
Indeed, BDNF and its receptor TrkB play an important role in establishing STC mechanisms (Lu et al., 2011) .
Epigenetic alterations
Dysregulation of epigenetic mechanisms is increasingly being implicated in the aging-related disruptions in synaptic plasticity and memory (Reviewed by (Fonseca, 2016; Penner et al., 2010) . These mechanisms include methylation of DNA and posttranslational modifications of histones. DNA methylation, brought about by DNA methyltransferases (DNMTs) and histone modification, such as reversible acetylation by histone acetyltranseferases (HATs) and histone deacetylases (HDACs) serving to activate and repress the transcription respectively, dynamically regulate the expression of plasticity and memory-related genes (Bird, 2007; Penner et al., 2010) .
There are two ways in which epigenetic mechanisms could work: (i) by activating the transcription of memory promoting genes (ii) by inhibiting the transcription of memory suppressor genes. Many of the histone modifiers also act as co-activators or corepressors of transcription: for example, CREB-binding protein (CBP) is a HAT and is also a co-activator of CRE-dependent transcription by CREB. Penner et al. (Penner et al., 2010) have proposed that the dynamics of these epigenetic alterations is dysregulated in aging leading to memory impairments.
The evidence implicating epigenetic modifiers in age-related memory impairments is growing. Aging is associated with a decrease in learning-induced activation of Dnmt3a2, an activity-dependent IEG, in the hippocampus (Oliveira et al., 2012) .
Dnmt3a2 is associated with transcriptionally active euchromatin (Chen et al., 2002) .
DNA methylation dynamics of the Arc gene is altered in the hippocampus of aged rats displaying memory impairments (Penner et al., 2010) . A causal relationship between transcriptional and epigenetic regulation of PKM-zeta expression and the age-associated cognitive impairment has been suggested wherein aged rats exhibit increased baseline level of methylated PKMζ DNA and decreased unmethylated PKMζ DNA in the prelimbic cortex compared with young and adult rats (Chen et al., 2016) . HDACs, which generally act as transcriptional repressors by deacetylating histones, have been proposed as 'molecular brake-pads' of memory formation (McQuown and Wood, 2011) . Supportive to this is a number of studies showing the enhancement of LTP and augmentation of memory by HDAC inhibitors (Alarcon et al., 2004; Bredy et al., 2007; Chwang et al., 2007; Chwang et al., 2006; Fischer et al., 2007; Korzus et al., 2004; Krishna et al., 2016; Lattal et al., 2007; Levenson et al., 2004; Lubin and Sweatt, 2007; Miller et al., 2008; Sharma et al., 2015; Vecsey et al., 2007) . HDAC activity is reported to increase in aging (Dos Santos Sant' Anna et al., 2013) . However, the specific function of each isoform of HDAC differs and so far HDAC2 and HDAC3 have been reported to have memory-suppressor function (Guan et al., 2009; Krishna et al., 2016; Sharma et al., 2015) .
Currently, there are lack of studies investigating the role of epigenetic modifiers in STC mechanisms. In our recent report, we have demonstrated a link between one of the HDAC isoforms and age-related deficits in STC using acute hippocampal slices of rats [ Figure 3 ; (Sharma et al., 2015) ]. Our results indicate that aging is associated with an increased activity of HDAC3 in hippocampal CA1 region that results in deacetylation of many histone and non-histone targets, one of them being Nuclear
Factor kappa-beta (NF-kB). NF-kB is a transcription factor expressed both in neurons and glia and plays a crucial role in the neuronal survival and plasticity (Mattson and Meffert, 2006) . NF-kB activation upon LTP induction leads to its nuclear translocation where it results in the expression of plasticity-related genes such as Zif268, Bdnf, c-Fos, Camkii and transthyretin (Reviewed by (Ahn et al., 2008; Freudenthal et al., 2005; Meffert et al., 2003; Salles et al., 2014; Snow et al., 2014) . Active HDAC3 can deacetylate p65 component of NF-kB and promote its export from nucleus, thus preventing NF-kB-mediated transcription of plasticity genes (Chen et al., 2001 ) that could take part in STC processes. This appears to be a potential mechanism in aging as we showed increased levels of active NF-kB when inhibiting HDAC3 using a specific inhibitor RGFP966 which also resulted in rescue of deficits in synaptic plasticity and STC (Sharma et al., 2015) . Though not tested in our study, HDAC3 inhibition-mediated rescue could also involve relieving of repression on CBP-and myocyte enhancer factor 2 (MEF2)-mediated transcription (Freudenthal et al., 2005) .
(Figure 3)

Increased zinc levels in the aged hippocampus
Zinc is an important trace metal required for the proper functioning of the brain.
Hippocampus is one of the brain regions with the highest concentration of chelatable zinc, found within the synaptic vesicles (Frederickson and Danscher, 1990; Takeda and Tamano, 2014) . In a significant proportion of hippocampal glutamatergic synapses, zinc is co-released along with glutamate, upon which it acts as a modulator of the function of many receptors and also as a second messenger in the intracellular compartment (Smart et al., 1994; Takeda and Tamano, 2014; Ueno et al., 2002) . Homeostasis of zinc levels is critical for brain function and the alterations in the homeostasis is implicated in neurological diseases and in normal aging (Barnham and Bush, 2008; Brown and Dyck, 2003; Sensi et al., 2011; Takeda, 2000) . The deficiency of zinc in aging and the consequent effects on brain function have been well acknowledged. However, suggestions have been made that excessive zinc-mediated signaling could also be a contributing factor for the agerelated cognitive deficits (Sensi et al., 2011; Takeda and Tamano, 2014) . Biological stress has been suggested to result in excess intracellular zinc signaling in hippocampus (Takeda and Tamano, 2014) . We have recently demonstrated increased zinc levels in the hippocampal slices of aged Wistar rats (19 months-old) using a cell-permeable fluorescent zinc probe FluoZin-3 TM -AM [ Figure 4 ; ]. This increase in zinc levels correlated with the deficits in synaptic plasticity and STC in CA1 region since regulating the zinc levels with a cellpermeable zinc chelator, TPEN, rescued the deficits .
It has been observed before that the denervation of cholinergic fibers in rat hippocampus leads to increased chelatable zinc levels in mossy fiber synapses (Stewart et al., 1984) . It will be interesting to see whether the decrease in dopaminergic and adrenergic fibers in aging contributes to increased zinc levels.
Levels of certain zinc transporters are known to be altered in advanced aging (Adlard et al., 2010; Saito et al., 2000) , which could also be a factor behind increased zinc levels. Systemic zinc deficiency is a consistent finding in aging (Reviewed by (Cabrera, 2015) . However, zinc deficiency assessed using blood samples may not reliably indicate brain zinc status (Hess et al., 2007; Yasuda and Tsutsui, 2016) .
Additionally, systemic zinc deficiency has been reported to increase brain zinc retention in rodents by suppressing zinc transporter ZnT1 levels (Chowanadisai et al., 2005; Takeda et al., 2001 ). On the other hand, rats raised on increased dietary zinc show cognitive and memory deficits and high levels of zinc in the brain (Flinn et al., 2005) . Further, a zinc-enriched diet leads to spatial memory deficits in wild-type mice and worsens the deficits in transgenic AD models (Linkous et al., 2009 ). Weak zinc chelators and pro-chelators have been suggested as a potential therapeutic strategy in studies of AD animal models and human AD patients (Lee et al., 2004; Ritchie et al., 2003) . Further investigations are needed to establish the link between increased hippocampal zinc levels and the age-associated memory deficits and how dietary zinc supplementation affects the hippocampal zinc levels and plasticity. (Figure 4) 
Concluding remarks
Synaptic tagging and capture processes provide a mechanism for the association of information over extended time-frames and between cerebral hemispheres (Shires et al., 2012) . Similar mechanisms demonstrated in freely moving, behaving animals and also in humans make STC an attractive cellular process underlying association of memories. We have presented here an overview of alterations in the STC processes in aging and the possible contributing mechanisms as an attempt to provide a connecting link between the STC alterations and age-associated memory deficits ( Figure 5) . Although the direct evidence in this context is slim, we have made an effort to provide an outline in the hope of conveying the significance and the need for further investigations. We also stress on the alterations in multiple cellular mechanisms in aging.
(Figure 5)
Compelling evidence demonstrates that activity-dependent, persistent synaptic modifications play crucial roles in learning and long-term memory formation and the alterations in these mechanisms could underlie memory deficits observed in aging.
This calls for continued efforts towards a detailed understanding of the molecular basis of various forms of synaptic plasticity and their alterations in normal aging.
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